This case report describes a patient suffering from accidental cutaneous radiation syndrome. Clinical symptoms were characterized by the presence of moist epidermal denudation over approximately 8% of the body surface without signs of necrosis 88 days after radiation exposure. The skin transcriptional profile was obtained and provides a comprehensive overview of the changes in gene expression associated with skin wound healing after irradiation. In particular, our data show a specific set of genes, i.e. SOD1, GPX1, TDX1, TDX2 and HSP60, implicated in the redox control of normal skin repair after radiation exposure, whereas HOX1 and HOX2 were involved in the pathological skin repair. A reduction in the antioxidant capacity of the irradiated tissue concomitant with a progressive establishment of an uncontrolled inflammatory response was noted. Our data corroborate the hypothesis that ROS modulation is a key element of the healing response after cutaneous exposure to radiation and that the collapse of skin antioxidant status interferes directly with wound healing in skin after radiation exposure. Thus a better understanding of the molecular events through which oxidative stress modulates the healing response could result in a more rational therapeutic approach to the pathological process induced after exposure of skin to radiation. ᭧ 2007 by Radiation Research Society
INTRODUCTION
The skin response to high-dose ionizing radiation may involve multiple inflammatory and necrotic outbreaks. This depends on the radiation dose and the volume of irradiated tissue as well as on the radiosensitivity of the patient (1, 2). Skin wound healing is a highly ordered process with major tissue movement resulting in rapid closure of the wound site and the subsequent regeneration of the injured tissue (3) . Although protein-type mediators have a wellestablished role in this process, it has become evident that a modulation of the redox status is involved in wound healing (4) .
A growing body of evidence supports a causative role of oxidative stress in the course of the tissue healing response after radiation exposure (5) . Radiation-induced oxidative stress appears to result not only from ROS generated at the time of irradiation but also from the propagation of radicals occurring in the days after the irradiation. While there are currently no data directly demonstrating the presence of chronic oxidative stress in irradiated skin, indirect evidence in support of this hypothesis has come from studies using an antioxidant-based intervention. Thus administration of liposomal Cu/ZnSOD and MnSOD 6 months after irradiation in an experimental model of radiation-induced fibrosis has been shown to reverse the radiation-induced fibrosis and to allow the regeneration of normal tissue in an area of well-established postirradiation fibrosis (6) . Similar results have been observed experimentally and clinically using a combination of pentoxifylline and the antioxidant␣-tocopherol (7) . This paper illustrates, for the first time to our knowledge, how modulation of oxidative stress and inflammation are linked in the healing response after skin exposure to ionizing radiation. In many instances, during wound healing, ROS are key elements of the skin healing response to ionizing radiation.
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FIG. 1.
Histological changes after human skin exposure to ionizing radiation. Panel A: Photograph of the lesion of the victim (radiological accident of Lia-Georgia). Panel B: Schematic representation of the lesion and position of the biopsies (G2 to G34). Panel C: H&E staining, Ki67 immunostaining, Sirius red staining and BAX immunostaining of skin biopsies as a function of the position in the skin lesion (G2 to G34).
volved the whole posterior side of the thorax from the waist up to the end point of the scapulae. Based on clinical signs and according to the medical staff in charge of the patient, three different concentric skin areas were defined. At the periphery of the skin lesion, a first area was defined as healthy. This area was exposed to X-ray doses lower than 5.2 Gy. Concentric and enclosed in this area, a second area characterized by ''normal healing'' tendency was defined. This inflamed area was exposed to X-ray doses ranging from 5.2 to 18.9 Gy. The third area was the center of the lesion. This area, i.e. the ''pathological wound healing area'', was the most exposed area (Ͼ25 Gy) and was characterized by an extensive moist epidermitis without healing tendency. Dose mapping was obtained according to the biological dosimetry procedure as described in our previous paper (8) . The whole lesion including the three areas was excised surgically at day 88 after irradiation, and a skin graft was performed.
Excess surgical tissue from resected abdominal skin from three unirradiated patients (Caucasian men 35-45 years old) was obtained and used as controls.
Tissue Sampling
Additional small biopsies were taken from the excised skin of both central patients and the patient suffering from the radiological cutaneous syndrome (Fig. 1B) . In both cases, some of the tissue samples were fixed in formalin and embedded in paraffin, while others were snap-frozen in liquid nitrogen and stored at Ϫ80ЊC.
Skin Histopathology
A primary histological examination of a 5-m tissue section was performed by staining with hematoxylin and eosin (H&E) after fixation in 5% formaldehyde.
Skin RNA Extraction and Quality Control
Whole frozen tissue samples (epidermis and dermis) were crushed into powder under liquid nitrogen. Samples were then homogenized in 4 M guanidium thiocyanate using 1.2 gauss syringes. Total RNAs were purified according to the technique of Chomczynski and Sacchi after phenol/ chloroform extraction. The RNA was treated with RNase-free DNase (0.5 U/l) to remove contaminating genomic DNA. The success of the DNA digestion, in both quantity and quality (28S/18S ratio), of the RNAs extracted was determined for each sample using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Skin mRNA Expression Analysis using cDNA Arrays
The gene expression analysis was performed through hybrid selection of radiolabeled cDNA on high-density arrays of membrane-bound cDNAs. The Atlas Human 1.2 (1176 genes ϩ 9 housekeeping genes) cDNA expression array (Clontech Laboratories, Palo Alto, CA) was used for this experiment. PolyAϩ RNA enrichment was obtained after column 45 SKIN ANTIOXIDANT STATUS IN HEALING RESPONSE chromatography by using a streptavidin magnetic bead preparation according to the Atlas Pure total RNA labeling system techniques (Clontech Laboratories). The cDNA was synthesized as described in the Atlas cDNA Expression Array kit and 370 kBq/l [␣-32 P]dATP was incorporated into synthesized cDNA. To purify the labeled cDNA from labeled 32 P nucleotides and small cDNA fragments, each sample was purified using column chromatography. The radioactivity of the probe was verified by scintillation counting (Beckman Coulter, Fullerton, CA). The cDNA probes were hybridized overnight (a 20-h incubation period was optimized to obtain an acceptable hybridization signal with high signal/background ratio and to avoid any signal covering a neighboring area) in the Atlas array with continuous agitation at 68ЊC. After the hybridized membrane was washed according to the Atlas cDNA expression array protocol, the Atlas array was removed from the container and wrapped in plastic wrap. The Atlas arrays were in contact with a phosphorimaging screen for 20 h at room temperature and revealed by using a Typhoon 9400 phosphorimager (Amersham Biosciences Europe, Freiburg, Germany). Comparisons between the different samples were made using BD Atlasimage 2.7 software (Clontech Laboratories). Four housekeeping genes were selected (phospholipase-2, gyceraldehyde-3 phosphate dehydrogenase, ribosomal protein L13a and tyrosine 3 monooxygenase/tryptophan 5 monooxygenase activation protein), and only the irradiated:control ratios above 2 and below 0.5 were taken into account.
Skin Differential Gene Expression as Confirmed by Real-Time PCR
To provide independent confirmation of the array data, real-time RT-PCR was performed on selected transcripts. Briefly, 2 g of skin extract total RNA was reverse transcribed with Superscript II reverse transcriptase (Life Technology-Invitrogen, Cergy Pontoise, France) with 200 U of Superscript reverse transcriptase in a 20-l reaction containing 1ϫ Superscript buffer, 1 mM dNTP, 20 ng random hexamer, 10 mM DTT and 20 U of RNase inhibitor. This mixture was incubated for 50 min at 42ЊC and 10 min at 70ЊC. For TNFA and IL1B, primers from the manufacturer were used to amplify firststrand cDNA through 40 PCR cycles with TaqMan (Applied Biosystems, Foster City, CA). The PCR amplification of the other genes used the Syber PCR master Mix; the primer sequences purchased from Life TechnologyInvitrogen (Cergy Pontoise, France), were as follows: MnSOD, 5Ј-GGT-GGTCATATCAATCATAG-3Ј (forward); 5Ј-AGTGGAATAAGGTTTGT-TGT-3Ј (reverse), Cu/ZnSOD, 5Ј-CAGTGCAGGTCCTCACTTTA-3Ј (forward); 5Ј-CCTGTCTTTGTACTTTCTTC-3Ј (reverse), catalase, 5Ј-TTA-ATCCATTCGATCTCACC-3Ј (forward); 5Ј-GGCGGTGAGTGTCAGGAT-AG-3Ј (reverse). Samples were subjected to 40 cycles of amplification at 95ЊC for 15 s, followed by 60ЊC for 1 min using ABI PRISM 7500 detection system (Applied Biosystems). Both water and genomic DNA controls were included to ensure specificity. PCR fluorescent signals were normalized to the signal obtained from the housekeeping gene 18s for each sample. All data were examined for integrity by analysis of the amplification plot and dissociation curves. Relative mRNA quantification was performed using the comparative ⌬⌬C T method. Relative quantification in the skin biopsy was equal to 2 Ϫ⌬⌬CT (10). ⌬⌬C T is defined as the difference between the mean ⌬C T (exposed skin) and the mean ⌬C T (healthy skin). ⌬C T is defined as the difference between the mean C T (antioxidant enzyme) and C T (18s), which is the endogenous control in our experiment.
Skin Immunostaining
Five-micrometer sections were cut using a cryostat (OTF, Bright, England) at Ϫ30ЊC. Frozen sections were fixed with either paraformaldehyde (0.5%, 30 min) or acetone (4ЊC, 10 min). Sections were then permeabilized with Triton X-100 (0.1%, 20 min), washed in PBS, and saturated with PBS/BSA solution (2%). The sections were then incubated overnight (4ЊC) with two different antibodies [CD 3 T cell (DAKO, Trappe, France), MPO (Novocastra Laboratory, Newcastle upon Tyne, UK)]. Immunostaining was performed using a Nexes IHC automated immunostainer (Ventana, Illkirch, France). The sections were fixed [glutaraldehyde (0.05%, 4 min, 37ЊC)], incubated with goat anti-mouse antibody and then incubated with streptavidin-alkaline phosphatase, Fast Red and naphthanol. Sections were counterstained with hematoxylin. The sections were mounted in PBS-glycerol (50%) and examined with an epifluorescence microscope. A semi-quantitative approach using an image analyzer Visioscan (Biocom, Paris, France) was chosen. Ten different fields were measured on each slide, and six different slides were analyzed for each region.
Measurement of Skin Antioxidant Defenses
Tissue samples stored at Ϫ80ЊC were homogenized in pH 7.5 phosphate buffer with an ultra-turrax (IKA Labortechnick, Munchen, Germany) at 4ЊC. The skin homogenate was then centrifuged, and the supernatant was evaluated for protein content using the Coomassie protein assay. The decomposition of hydrogen peroxide catalyzed by catalase contained in the skin homogenate supernatant was followed spectrophotometrically at 240 nm on a Uvikon 840 (Biotek-Kontron, Saint Quentin en Yvelines, France). The H 2 O 2 concentration was adjusted spectrophotometrically at 240 nm. The activity was measured from the slope of the line as micromoles of H 2 O 2 decomposed per minute per milligrams of protein. Glutathione peroxidase activity was measured by a standard coupled assay procedure. The reaction mixture consisted of phosphate buffer (0.5 M, pH 7.0), 3.12 mM EDTA, 12.5 mM KCN, 0.005 mM glutathione, 0.86 mM NADPH, H ϩ and 0.25 IU ml Ϫ1 glutathione reductase. Erythrocyte hemolysate was added to the above mixture and was incubated for 15 min at 30ЊC before initiation of the reaction by addition of 100 l tert butyl hydroperoxide. Absorption at 340 nm was recorded for 10 min on a Uvikon 840. The activity was calculated from the slope as micromoles of NADPH oxidized per minute. The total SOD was quantified in the skin homogenate supernatant by its capacity to inhibit the reduction of nitro blue tetrazolium (0.012 M) by superoxide, which was produced by a xanthine (0.02 mM)/xanthine oxidase (0.1775 IU/ml) system at 30ЊC. The appearance of reduced NBT was monitored at 560 nm on a Uvikon 840. SOD prevents the reduction of NBT by superoxide and decreases the slope of the curve for the appearance of reduced NBT proportionally. The supernatant of the skin homogenate was diluted 1/10 to ensure a decrease in the slope between 20 and 30%. To determine the MnSOD activity, the assay was carried out in the presence of 1 mmol/liter potassium cyanide. The Cu/ZnSOD activity was obtained by subtracting the value for MnSOD from that of the total SOD.
Skin Cytokine Content
Tissue samples stored at Ϫ80ЊC were homogenized in phosphate buffer containing a protease inhibitor cocktail using an Ultra Turrax at 4ЊC. The skin homogenate was then centrifuged and the protein content of the supernatant was evaluated using a Coomassie protein assay. IL1B, IL6, IL8, TNFA, IL1RA and IL10 levels were measured in the supernatant by specific ELISA according the manufacturer's recommendation (R&D Systems, Abingdon, UK). The cytokine content was determined by specific ELISA according to the manufacturer's recommendations
Statistical Methods
All results are expressed as means Ϯ the standard errors of the means (SEM) for duplicate skin biopsies from three different healthy patients and for duplicates of three different skin biopsies from the irradiated patient. Significance tests used an ANOVA associated with Dunn's or Dunnett's tests. Significance was set at P Ͻ 0.05.
RESULTS
Ionizing Radiation Induces Specific Morphological Changes as Revealed by the Histological Examination
The examination of H&E sections (Fig. 1C) revealed common histological features of moist desquamation, de-46 BENDERITTER ET AL.
FIG. 2.
Collapse of antioxidant status during skin pathological wound healing. Panel A: Differential redox gene expression after exposure of human skin to ionizing radiation. Tissue mRNAs were extracted and corresponding cDNAs were hybridized on Atlas cDNA expression arrays. Gene expressions were normalized to normal healthy skin (pool of three different human skin biopsies). G5 (black horizontal columns) and G33 (gray horizontal columns) refer to the position of the skin biopsy according to Fig. 1 . Gene expression was significantly up-regulated (ϫ) when the ratio was above 2 and significantly down-regulated (/) when the ratio was lower than 0.5. Panel B: Confirmation of the differential redox gene expression by real-time PCR (line plots: right y axis) (gene expression is normalized relative to normal healthy skin) and by enzymatic activity measurement (vertical bar plots: left y axis). G5 (black vertical columns and black circles), G33 (gray vertical columns and gray circles) and control, G2 and G7 (white vertical columns and white circles) refer to the position of the skin biopsy according to Fig. 1 . Results are expressed as the means Ϯ SEM (n ϭ 6 per skin biopsy). *P Ͻ 0.5, **P Ͻ 0.01, ***P Ͻ 0.001 compared with control skin.
pending on the position within the skin lesion. Marked epidermolysis associated with a loss of adhesion of the epidermis to the basal layer and microvascular destruction was observed in the center of the lesion. The lack of dermal necrosis, as noted after examination of H&E-stained sections, was confirmed by BAX immunohistochemical staining (Fig. 1C) . Also, the epidermal hyperproliferative response measured using Ki67, the perivascular inflammatory cell infiltration, and the extracellular matrix protein deposition, i.e. collagen, revealed a healing process surrounding the lesion (Fig. 1C) .
Ionizing Radiation Induces a Specific Set of Genes as Revealed by the cDNA Array Technique
The intensity of the arrays from the healthy skin (pool of three different human skin biopsies) was averaged and compared with the intensity of arrays from two different irradiated areas. The first area sampled was located in the ''healthy area'' (position G5; see the Patients and Methods section and Fig. 1B ) and the second was located in the ''pathological healing area'' (position G33; see Patient and Methods section and Fig. 1B) . The differentially expressed genes represent 11% (145/1314) of the genes spotted on the membrane, including mainly genes involved in the control of the cellular redox status (Fig. 2) and in the control of the inflammatory response (Fig. 3) .
Collapse of Skin Antioxidant Status during Pathological Wound Healing after Radiation Exposure
Skin gene array analysis. The expression of genes usually involved in the control of the cellular redox status including SOD1, GPX1 and Thioredoxin 1 and 2 was increased in the normal healing skin, whereas GSH synthetase was decreased. The protein inhibitor for nNOS (PIN) was found to be highly overexpressed in normal healing skin. All these genes were not expressed in the pathological healing area, whereas genes coding for heme oxygenase 1 and 2 were found to be specifically overexpressed in pathological healing skin. The stress response in both the normal and the pathological healing areas was also characterized by an increase in the expression of genes encoding for heat-shock proteins HSP27, HSP70 and HSP90. The gene encoding for HSP60 was highly and specifically expressed in normal healing skin but not in pathological healing skin ( Fig. 2A) .
Real-time PCR analysis of skin gene expression. The validation of gene modulations of some representative antioxidant enzymes (Fig. 2B) , as observed by the microarray technique, was performed by real-time RT-PCR. The results obtained by these two techniques were correlated. The gene expression of antioxidant enzymes (MnSOD, Cu/ZnSOD, GPX), as measured by RT-PCR was found to be significantly and gradually up-regulated at a position in the center of the skin lesion when compared to the control area. Catalase gene expression remained stable in the various samples. In the center of the lesion (position G33), a decrease in gene expression was confirmed (Fig. 2B) . HSP27 gene expression, as measured by RT-PCR, was significantly upregulated independently of the position in the skin lesion (not shown).
Skin antioxidant enzyme activity measurement. Antioxidant enzyme activities were increased significantly and Original magnification 10ϫ for G33 and G7 and 40ϫ for control. Right frame: Quantification of the inflammatory cell infiltration. G5 (black columns), G33 (gray columns) and control, G2 and G7 (white vertical columns) refer to the position of the skin biopsy according to Fig. 1 . Data are expressed as means Ϯ SEM (n ϭ 6 per skin biopsy). *P Ͻ 0.5, **P Ͻ 0.01, ***P Ͻ 0.001 compared to control skin. Panel B: Differential inflammatory gene expression after exposure of human skin to ionizing radiation. Tissue mRNAs were extracted and corresponding cDNAs were hybridized on Atlas cDNA expression arrays. Gene expressions were normalized to normal healthy skin (pool of three different human skin biopsies). G5 (black horizontal columns) and G33 (gray horizontal columns) refer to the position of the skin biopsy according to Fig. 1 . Gene expression was significantly up-regulated (ϫ) when the ratio was above 2 and significantly down-regulated (/) when the ratio was lower than 0.5. Panel C: Confirmation of the differential inflammatory gene expression by real-time PCR (line plots: right y axis) (gene expressions are normalized to normal healthy skin) and by ELISA quantification of skin cytokines (IL1B, TNFA, IL6, IL1RA, IL8, IL10; vertical bar plots: left y axis). G5 (black vertical columns and circles), G33 (gray vertical columns and circles) and control, G2 and G7 (white vertical columns and white circles) refer to the position of the skin biopsy according to Fig. 1 . Results are expressed as means Ϯ SEM (n ϭ 6 per skin biopsy). *P Ͻ 0.5, **P Ͻ 0.01, ***P Ͻ 0.001 compared with control skin. gradually in the normal healing skin [67% increase in MnSOD activity (P ϭ 0.0102), 247% increase in GPX activity (P ϭ 0.0095), and 143% increase in catalase activity (P ϭ 0.028) comparing the G5 position to control skin]. Cu/ZnSOD activity remained unchanged. In the pathological healing skin (position G33), a significant reduction in antioxidant enzyme activities was observed [58% decrease in Cu/ZnSOD activity (P ϭ 0.021), 47% decrease in GPX activity (P ϭ 0.048) comparing the G33 position to control skin] (Fig. 2B) . Unlike the other antioxidant enzyme assayed, catalase and MnSOD activities did not decrease in the pathological healing skin.
Interrelationship of Skin Redox Modulation and Skin Inflammatory Response to Ionizing Radiation
Skin inflammatory cell infiltration. Basal values of 19.7 Ϯ 1.8% for T lymphocytes and 3.2 Ϯ 0.7% for neutrophils were found using CD3 and MPO immunodetection, respectively, in control human skin (Fig. 3A) . After radiation exposure, perivascular infiltration of inflammatory cells was noted. Cell infiltration increased significantly as a function of the position within the lesion. A statistically significant increase in T-lymphocyte infiltration was observed from position G5 at the edge of the lesion (a 1.8-fold in- 
Notes. Data are expressed relative to normal healthy skin (pool of three different human skin biopsies). Normal wound healing corresponds to three different biopsies in the G5 area, and pathological wound healing corresponds to three different biopsies in the G33 area. Results were corrected by taking into account four different housekeeping genes (PLA2, GAPDH, RPL13A and tyrosine 3 mono oxygenase). Gene expression was significantly was significantly up-regulated (ϫ) when the ratio was above 2 and significantly down-regulated (/) when the ratio was lower than 0.5. crease compared to the control, P ϭ 0.43) to position G33 in the center of the lesion (a 2.6-fold increase compared to the control, P ϭ 0.0071) (Fig. 3A) . A significant increase in neutrophil infiltration was also observed and quantified from position G2 to G7 in the edge of the lesion (20-fold increase compared to the control, P ϭ 0.057). A drop in neutrophil infiltration was noted in the center of the lesion (Fig. 3A) . Interestingly, the MPO degranulation in the area corresponding to positions G5 and G7 probably corresponds to neutrophil activation (Fig. 3A) .
Skin gene array analysis. Expression of genes for the pro-inflammatory cytokines, i.e. IL1B, IL6, IL8 and TNFA, increased after radiation exposure in both normal and pathological healing skin. Gene expression of anti-inflammatory cytokines, i.e. IL1R1, IL4 and IL10, also increased in both normal and pathological healing skin. Up-regulation of genes coding for IL2RB, IL7RA and IFNGR corresponds to the specific inflammatory gene expression pattern of normal healing. Up-regulation of genes coding for IL2, IL5, IL7, IL9R, IL10RA, IL12B, IL17, TNFB and MIP1A and down-regulation of genes coding for IL7RA, IL9, IL16 and IRF2 corresponds to the specific inflammatory gene expression pattern of pathological skin (Fig. 3B) .
Real-time PCR analysis. The validation of up-regulations of gene for analysis, representative cytokines (Fig. 3C) , as observed by gene array, was obtained by real-time RT-PCR. The expression of pro-inflammatory (IL1B, IL6, IL8, TNFA) and anti-inflammatory cytokine (IL1RA, IL10) genes was quantified. Again, the levels of gene expression, as assessed by RT-PCR, were similar to those obtained by gene array analysis. A correlation between these two techniques was observed for each position examined within the lesion. All gene up-regulations were confirmed to be increased significantly and gradually as a function of the position within the skin lesion when compared to control area, except for TNFA (Fig. 3C) .
Skin cytokine level. The inflammatory cytokine level increased significantly in the center of the lesion (position G33) when considering both pro-inflammatory cytokines [5.6-fold increase of IL1B (P ϭ 0.0023), 98-fold increase of IL6 (P ϭ 0.001), 65-fold increase of IL8 (P ϭ 0.0095), and 89-fold increase of TNFA (P ϭ 0.00087)] and antiinflammatory cytokines [5.4-fold increase of IL1RA (P ϭ 0.017) and 17-fold increase of IL10 (P ϭ 0.034)] when comparing cytokine expression at the G33 position to that in control skin (Fig. 3C) .
Radiation-Induced Modulation of Intracellular and Nuclear Signaling
Involvement of classical intracellular redox-sensitive signaling was observed using the array technique. It was interesting to note the modulation of gene expression of the homeobox family in the skin after radiation exposure. Expression of the genes encoding HOXA5, B5 and B7 was up-regulated in both normal and pathological healing skin.
A 25-fold increase was noted for HOXB5 for normal healing skin. Increases of 26-and 35-fold were observed for PBX1 and HOXA5, respectively, in pathological skin (Table 1).
DISCUSSION
The pathophysiological mechanisms that govern wound healing of skin exposed to ionizing radiation remain unclear, particularly during the subacute period (9) . The present study suggests that a genome-wide gene expression analysis of irradiated skin can be an effective tool to improve the understanding of the pathophysiological mechanisms involved in the cutaneous radiation syndrome (11) .
In particular, this approach highlights the importance of a specific set of the genes controlling the skin redox status that may interfere with normal skin wound healing. Upregulation of SOD1, GPX1, TDX1, TDX2 and HSP27 was noted in the healing skin areas, whereas non-healing skin areas were characterized by both down-regulation of SOD1, GPX1, TDX1, TDX2 and HSP27 and up-regulation of HOX1 and HOX2. Modulations of some of the most representative molecules of these different sets of genes were validated both by real-time PCR and measurements of enzymatic activity. To our knowledge, this is the first report of such a global investigation of skin redox status after exposure of human skin to radiation. Two complementary investigations were published recently on human keratinocytes (12, 13) and human fibroblasts (14) exposed in vitro to ␥ rays. However, it is difficult to compare these studies to ours given that in vivo the tissue context and architecture are described as being able to modulate the cell response and result in a response that differs from the response of isolated cells in vitro to damage (15) . Nevertheless, the results of the present investigation of human skin are in agreement with the observation of Jagetia et al. (16) , particularly concerning the decrease in both SOD and GPX activities after high-dose exposure of skin. According to these authors, ␥ irradiation of mouse skin at doses ranging from 0 to 20 Gy resulted in a dose-dependent decrease in the activity of SOD and GPX.
Our data show that the collapse of skin antioxidant status is concomitant with a massive and uncontrolled infiltration of inflammatory cell in the skin. Feedback redox control was described as modulating the inflammatory response (17, 18) . For that reason, the skin inflammatory cytokine pattern was investigated further. Skin pro-inflammatory cytokines (IL6, IL8, MCP1, TNFA, IFNG) were found to increase at both the mRNA and protein levels. Compensatory skin anti-inflammatory cytokine (IL4, IL10 or IL1RA) production was also noted at both the mRNA and protein levels. Interestingly, a gradient of the inflammatory response as a function of the position in the damaged tissue was observed. The perivascular neutrophil, macrophage and lymphocyte infiltrations observed in the lesion are accompanied by an epidermal infiltration in the area of intense epidermitis. This corresponds to a classic histological pattern of the cutaneous radiation syndrome (19) . Some reports focused on the role of specific inflammatory cytokines like IL1 (20) , IL6 (21) or IFNG (22) and concluded that there is prevalence of pro-inflammatory cytokines in the cutaneous radiation syndrome in human skin. Our cDNA array approach reinforces the importance of these candidate cytokines in the progression of the cutaneous syndrome. The data obtained by our cDNA array show how radiation exposure ultimately compromises tissue integrity by altering the cytokine network among skin cells and underscores the complexity of this biological response. A Th2 cytokine profile (IL4, IL10, IL13) was the dominant skin response in the irradiated area. This Th2 polarization favors a nonresolution of the inflammatory response (23) and probably contributes to the progression of the skin to a non-healing response.
Close interactions between oxidative stress and inflammation, as suggested by our study, have been described elsewhere in the literature through the involvement of different redox-sensitive transcription factors (24) . ROS have a paradoxical role, exerting either a positive or negative effect on damage removal, and on inflammation in particular (25) .
On the one hand, a low ROS concentration regulates cellular signaling pathways. Our present results suggest increased expression of redox-sensitive transcription factor SP1 (ϫ29), AP1/JUN (ϫ20), RELA/NFKB (ϫ5) or NRF1 (ϫ2), which are known to be involved in the transcriptional control of inflammatory cytokines (26, 27) . However, feedback control of the redox modulation of inflammatory cytokines by the cytokines themselves is possible. Cytokines have been clearly described to modulate gene expression of antioxidant enzymes, particularly MnSOD (30, 31) . The specific promoter structure seemed to be relevant for the control of tissue MnSOD gene expression and involves functional cooperation between SP1 and AP2 (32) in coordination with NFKB (33, 34) . NFKB is actively involved in the up-regulation of the GPX and CAT in response to oxidative stress (35) . Our cDNA array data strongly suggest that the inflammatory response appears to be a redox counterbalance in the healing skin area.
On the other hand, in the center of the lesion, inflammation becomes massive and chronic, as shown by our data. The tissue chronically releases inflammatory mediators and cytokine/chemokines such as tumor necrosis factor, interleukin 1 and interleukin 8, which induce neutrophil recruitment, thereby augmenting tissue damage (29) . For that reason, ROS production becomes excessive and chronic so that ROS no longer acts as a biological regulator of the skin healing response but becomes deleterious.
It is interesting to note the extensive modulation of the homeobox gene family. These genes were first described as modulating embryogenesis (28) . In recent years, they have also been described as participating in tissue remodeling (27) . Particularly, HOXB5 was shown to be redox-sensitive (26) . The strong HOXB5 up-regulation observed in the healing skin area was deficient in the non-healing skin area.
In conclusion, our hypothesis, validated here, is that chronic oxidative stress may drive the progression of skin healing after radiation exposure during the latent phase of the cutaneous radiation syndrome. The imbalance between the skin redox status and the inflammatory status probably contributes to the ''pathological'' wound healing of irradiated skin. We contend that the role of ROS in modulating inflammation should be considered when designing treatment protocols to accelerate tissue repair. A better understanding of the molecular events whereby oxidative stress modulates the healing response could result in a more rational therapeutic approach to the pathological process induced after skin exposure to radiation.
